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A recently recognized virulence factor of pathogenic chlamydiae, the protease-like activity factor (CPAF) (27) , is also encoded in the UWE25 genome (pc0916). CPAF is one of the few proteins that have been shown to be secreted (possibly by means of the TTSS) by pathogenic chlamydiae into the host cytoplasm. Its function is still unknown, but CPAF is able to degrade the human transcription factors required for major histocompatibility complex (MHC) expression (27) . The presence of CPAF in UWE25, which resides in a host that does not possess a MHC system, indicates that CPAF has evolved from a protease with a different specific function in lower eukaryotic hosts.
Chlamydiae are among the most successful bacterial pathogens of humans and have recently also been associated with chronic diseases (1, 9) . Comparative and phylogenetic genome analysis of a chlamydia-related symbiont of amoebae showed that it has retained several key features of the last common chlamydial ancestor and provided evidence that major virulence mechanisms of present-day pathogenic chlamydiae have evolved from the interaction of ancestral chlamydiae with early eukaryotes. Subsequent adaptation of pathogenic chlamydiae to animal and human host cells was most likely mediated by proteins found in modern pathogenic chlamydiae but not detectable by sequence homology in the UWE25 genome (table S3) . However, the presence of key virulence factors in environmental chlamydiae, together with their documented ability to multiply in human macrophages (28) , suggests that these protozoan symbionts have the genetic tools to allow them to infect mammalian cells. It has recently been demonstrated both in vivo and in vitro that DExH/D enzymes can rearrange RNA-protein complexes (6) (7) (8) . Contrary to the traditional assumption that RNA helicase activity is central to DExH/D protein function, some observations made during these experiments suggested that RNP remodeling might not necessarily be coupled to duplex unwinding (7) (8) (9) (10) . Because of the central importance of DExH/D proteins in RNA metabolism, it is essential to understand the range of substrates on which these enzymes can act; yet DExH/D "RNA helicases" have never been shown to perform NTP-driven conformational work on RNA or RNPs outside the constraints of RNA secondary structure.
We therefore investigated whether DExH/D proteins could rearrange RNP complexes without duplex unwinding. We chose two model systems in which RNA secondary structure plays no role in protein binding. The first complex is formed between the tryptophan RNA-binding attenuation protein (TRAP) and its specific 53-nucleotide-long cognate RNA (Fig. 1A) . No RNA secondary structure surrounds or is contained within the TRAP-binding site (11, 12) . TRAP binds to this RNA in a sequence-specific manner as an 11-unit oligomer, and its affinity can be modulated by tryptophan; that is, increasing tryptophan concentrations stabilize the RNA protein complex (11) .
The second complex is the exon junction complex (EJC) deposited on mRNAs as a consequence of splicing (13) (Fig. 1 , B and C). Although the exact composition of the EJC remains to be determined, it is composed of at least five distinct proteins that bind tightly in a non-sequence-specific manner approximately 20 nucleotides upstream of exon junctions (13, 14) . The EJC plays a variety of roles in postprocessing mRNA metabolism, including nonsense-mediated decay and translational efficiency (13, 15) .
We determined whether two distinct DExH/D proteins, NPH-II and DED1, could remodel either or both of the model RNPs. These enzymes were chosen because they are phylogenetically distant within the DExH/D protein superfamily (16 ) and because they differ in distinct and important mechanistic properties. NPH-II is a processive RNA helicase that unwinds duplexes with 3Ј single-stranded overhangs (17 ) . In contrast, DED1 is nonprocessive (18) but unwinds RNA duplexes with singlestranded regions located either 3Ј or 5Ј to the duplex regions (19, 20) .
Two RNAs containing the TRAPbinding site were prepared. One was composed only of the minimal 53-nucleotide TRAP-binding region, whereas the other had a single-stranded, 3Ј-terminal, 24-nucleotide extension in order to provide a binding site for the DExH/D proteins (Fig.   2, A and B) . Both RNAs formed distinct complexes with TRAP that were visualized by nondenaturing polyacrylamide gel electrophoresis (PAGE) (Fig. 2, A and B) . TRAP bound to both RNAs with subnanomolar affinity and dissociated with a rate constant k off TRAP of (2.0 Ϯ 0.2) ϫ 10 Ϫ3 min
Ϫ1
[in the presence of 10 M tryptophan (20)].
We then assessed the ability of NPH-II and DED1 to disrupt the TRAP-RNA complexes (21) . NPH-II readily displaced TRAP from the RNA containing the single-stranded extension (Fig. 2A) . The displacement was adenosine triphosphate (ATP)-dependent and proceeded with a rate constant k displ TRAP Ͼ 8 min Ϫ1 (Fig. 2, C and D). That is, NPH-II accelerated TRAP dissociation by more than three orders of magnitude, indicating that TRAP displacement by NPH-II was an active ATP-driven process. The dislodging of TRAP was not accelerated by NPH-II in the presence of the nonhydrolyzable ATP analog AMPPNP (20) , indicating that ATP hydrolysis, rather than mere ATP binding, is necessary for active protein displacement. We also observed slight ATPdependent displacement of TRAP from the RNA lacking the single-stranded extension (Fig. 2B ). This result suggested that NPH-II might initiate the reaction either by accessing the exposed backbone of the (20) . The failure to actively displace TRAP was not due to compromised DED1 enzyme under the reaction conditions, because DED1 unwound RNA duplexes as expected in control reactions (20) . Because NPH-II was active in the TRAP displacement reaction and DED1 was not, these experiments also revealed unanticipated selectivity in the function of disparate DExH/D proteins.
To confirm and extend these observations, we then determined whether NPH-II and DED1 could displace the EJC from RNA with single-stranded regions adjacent to the EJC-binding site (Fig. 1B) . To assay EJC displacement, pre-mRNA containing a single radiolabeled phosphate at position -21 relative to the 5Ј splice site was spliced in vitro (Fig. 1C) . In agreement with the results of others (22), deposition of the EJC was indicated by the appearance of a specific nuclease-resistant fragment [8 to 10 nucleotides long, centered at -20 on the 5Ј exon (Fig. 1C)] . The emergence of the nuclease-resistant RNA fragment was dependent on splicing, and the fragment cofractionated with spliced mRNA during glycerol gradient sedimentation (Fig. 1C) . Displacement of the EJC was monitored by loss of nuclease resistance in the EJCbinding region; that is, by the disappearance of the characteristic 8-to 10-nucleotide fragments upon nuclease treatment (Fig. 1B) . Although the affinity of the EJC proteins for their binding site cannot be determined directly, EJC dissociation was found to proceed with a rate constant k off EJC Ͻ 10 Ϫ5 min Ϫ1 under the reaction conditions (20) .
When incubated with DED1 and ATP, we observed a significant decrease in the fraction of bound EJC (Fig. 3A) . Negligible displacement was observed without ATP, and significantly less displacement was observed from a "tailless" EJC-RNA complex, prepared by predigestion with nuclease (Fig. 3, A and B) . These results indicate that DED1 requires unstructured RNA outside the EJC-binding region to remodel this RNP, although we cannot distinguish whether 5Ј, 3Ј, or both overhangs are necessary.
DED1 displaced the EJC from spliced mRNA in a time-dependent manner with a rate constant k (Fig. 3, C and D) . This reflects an at least 3000-fold enhancement over spontaneous dissociation, indicating that DED1 actively displaced the EJC in an ATP-dependent fashion. The rate of EJC displacement was approximately 60 times slower than the unwinding of a control duplex under identical reaction conditions (Fig. 3D) , indicating that different processes limit the rates of EJC displacement and duplex unwinding.
We next investigated whether NPH-II was able to displace the EJC. As observed with DED1, a decrease in the fraction of bound EJC was observed in the presence of NPH-II and ATP (Fig. 3E) . Only negligible displacement was observed either without ATP or from a tailless EJC-RNA complex (Fig. 3, E  and F) . This result indicated that NPH-II, too, required single-stranded RNA outside of the EJC to dislodge the EJC in an active ATPdependent fashion. Like DED1, NPH-II unwound the control duplex faster than it displaced the EJC (Fig. 3H) . The lower reaction amplitude observed for EJC remodeling by NPH-II can be tentatively attributed to the depletion of ATP in the reaction mix because of the fast rate at which NPH-II catalyzes ATP hydrolysis (18) . The nonhydrolyzable ATP analog AMPPNP did not support the reaction with either NPH-II or DED1 (20) , indicating that ATP hydrolysis was necessary for active EJC displacement.
Despite the lower reaction amplitude with NPH-II, and even though both proteins unwound the control duplex at different rates, NPH-II displaced the EJC with a rate constant highly similar to that observed for Reactions were repeated multiple times, and data were averaged. Error bars indicate the standard deviation. Reaction rates were too fast to be accurately accessible with the available experimental means; that is, k obs Ͼ 8 min
. The apparent amplitude of the duplex unwinding reaction was due to the presence of scavenger DNA (to prevent rebinding of TRAP to the RNA) that partially captures NPH-II during the course of the reaction as well (17) . DED1 (Fig. 3, D and H) . This raises the possibility that a feature of the EJC, rather than a property of the respective DExH/D protein, dictates the rate of EJC displacement.
Collectively, our data with two different unrelated DExH/D proteins and two different RNP complexes establish that DExH/D proteins can rearrange RNA-protein interactions independently of duplex unwinding, in an active ATP-driven fashion. These results provide evidence that DExH/D proteins can perform ATP-dependent conformational work on RNA that is not based on strand separation. This capability is apparently not restricted to a small subset of DExH/D proteins. In fact, the distant phylogenetic relationship between DED1 and NPH-II within the DExH/D protein family (16) renders it rather likely that the capacity to remodel RNA protein complexes independently of duplex unwinding may be a universal property of DExH/D proteins.
The ability of DExH/D proteins to perform ATP-driven conformational work on single-stranded RNA could resemble the movement (tracking) on single-stranded nucleic acids that has been observed for some SF1 DNA helicases; for the termination factor Rho (23) (24) (25) ; and for the protein MOT1, which dislodges the TATA boxbinding protein from DNA (26 ) . It is, however, currently unknown whether DExH/D proteins follow single-stranded RNA in an unidirectional and/or processive fashion.
The capacity of DExH/D proteins for ATP-driven conformational work on single-stranded RNA provides a functional explanation for the widely observed stimulation of NTP hydrolysis by single-stranded RNA (1) . Most important, however, ATPdriven "clearance" of single-stranded RNA might also be the basis for RNA helicase activity by DExH/D proteins, which, in essence, is displacement of a complementary nucleic acid strand from singlestranded RNA (9, 10) . ATP-driven conformational work on single-stranded RNA as an underlying mechanism for duplex unwinding would provide a straightforward explanation of the necessity for singlestranded overhangs on the duplexes unwound by most DExH/D RNA helicases (1) , and it also could explain why certain DExH/D helicases tolerate artificial modifications in only one strand of RNA duplexes (27 ) . Although the different rate constants for EJC displacement and duplex unwinding for both DED1 and NPH-II suggest mechanistic differences between duplex unwinding and RNP remodeling, correlations between RNA helicase function and RNP remodeling without duplex unwinding might nonetheless exist. For example, the ability to processively unwind (Fig. 1) Fig. 2C ) catalyzed by DED1. Error bars represent the standard deviation calculated from multiple experiments. Unwinding of the control duplex (25-nucleotide single-stranded overhang 3Ј to the 16 -base pair duplex region) was measured under reaction conditions identical to those for EJC displacement in the presence of partially purified EJC-RNA complex. Unwinding reactions were analyzed and quantified as previously described (17) . The rate constant for EJC displacement was k RNA duplexes might explain why NPH-II effectively displaces TRAP from its 53-nucleotide-long binding site, whereas DED1, which is not a processive RNA helicase, fails to displace TRAP. For EJC displacement, processive action may not be necessary, because the EJC-binding site comprises only about 10 nucleotides and therefore both DED1 and NPH-II can effectively displace it. Alternatively, because DED1 has been shown to be present in spliceosomal complexes (28) , displacement of the EJC by DED1 might be potentiated by proteins that co-purify with the EJC preparation but would not be present with the TRAP complex.
The different rates at which NPH-II remodels the TRAP-and the EJC-RNA complexes, and the even starker differences in the rates of TRAP and EJC remodeling observed with DED1, suggest that the properties of a given RNP might also affect the rate at which it can be remodeled by DExH/D proteins. Differences in thermal fraying of nucleotides in the respective protein-binding sites might explain (i) the different rates observed for EJC and TRAP remodeling by NPH-II, (ii) the similarity of rates observed for EJC remodeling with both DED1 and NPH-II, and (iii) the differences between the rate constants for EJC displacement and duplex unwinding. It is thus tempting to speculate that the nature of a given RNP might contribute to the specificity of DExH/D proteins in vivo. Adaptation to the different features of their target RNPs might provide DExH/D proteins with a much greater built-in biochemical specificity toward their biological substrates than was previously concluded on the basis of the largely nonspecific RNA helicase activity of these enzymes.
